Introduction
Several studies have demonstrated that cannabinoids exert an inhibitory action on the proliferation of various cancer cell lines, and are able to slow down or arrest the growth of different models of tumour xenograft in experimental animals (for review see Flygare and Sander, 2008; Alexander et al., 2009; Freimuth et al., 2010; Guindon and Hohmann, 2011) . These data have attracted increasing interest for clinical exploitation of cannabinoid-based anti-cancer therapies.
Recently, in addition to their anti-proliferative and proapoptotic actions, it has been shown that cannabinoids can affect other important processes in tumourigenesis, in particular angiogenesis. Angiogenesis, the formation of new blood vessels from the pre-existing ones, represents an essential part of tumour growth, invasion and metastasis and constitutes a therapeutic target for cancer therapy. Diverse complex cellular actions are implicated in angiogenesis, such as extracellular matrix degradation, migration and proliferation of endothelial cells, morphological differentiation of endothelial cells to form tubes. All of these processes require a finely tuned balance between stimulating and inhibitory signals. Stimulating signals include growth factors, such as VEGF, integrins, angiopoietins, chemokines, as well as other factors (Folkman, 2007; Chung et al., 2010) . Molecules inducing inhibitory signals include thrombospondin, interferons and other cytokines as well as other endogenous angiogenesis inhibitory factors, which may target endothelial cells either directly or indirectly (Noonan et al., 2008; 2011a; Albini et al., 2009; .
Cannabinoids that bind to the CB 1 and/or CB2 cannabinoid receptors (WIN5512-2, HU210, JWH133 and THC) have been reported to inhibit vascular endothelial cell survival and migration as part of their anti-angiogenic action. Treatment with these cannabinoids reduces vascular density in experimental tumours Casanova et al., 2003; Portella et al., 2003; Preet et al., 2008) . Met-fluoro-anandamide, a metabolically stable analogue of the endocannabinoid anandamide, has been demonstrated to inhibit spreading of endothelial cell spheroids, reduce capillary-like tube formation in vitro and suppress angiogenesis in an in vivo chick chorioallantoic membrane assay (Pisanti et al., 2007) . In addition, cannabinoids are also able to suppress pro-angiogenic factor production Blázquez et al., 2004; Preet et al., 2008) as well as directly induce apoptosis of the endothelial cells.
Although cannabinoids have a favourable drug safety profile, their clinical use in cancer therapy is impaired by their psychoactivity and psychotropic side effects, mediated largely by their interaction with the neuronal CB1 cannabinoid receptor, or by their immune depressant effects, mediated by the peripheral CB2 cannabinoid receptor subtype. More strategic approaches are aimed at the use of natural non-psychotropic cannabinoids that bind with very low affinity to cannabinoid receptors, thus excluding either psychotropic and/or immune/peripheral effects (Gertsch et al., 2010; Russo, 2011) .
The non-psychoactive cannabinoid, cannabidiol (CBD), which has a very low affinity for both CB1 and CB2 cannabinoid receptors, but variably interferes with transient receptor potential (TRP) receptors (De Petrocellis et al., 2011) and PPAR receptors (O'Sullivan and Kendall, 2010) , has been reported to inhibit the growth of several tumours (Ligresti et al., 2006; Ramer et al., 2010a,b; McAllister et al., 2011; Shrivastava et al., 2011) , including glioma (Massi et al., 2004; Vaccani et al., 2005; Marcu et al., 2010; Torres et al., 2011) , both in vitro and in vivo. Treatment of glioma cells with CBD triggered apoptosis/autophagy, caspase cascade activation, oxidative stress as well as modulation of the lipoxygenase pathway and the endocannabinoid system (Massi et al., 2004; Vaccani et al., 2005; Marcu et al., 2010; Torres et al., 2011) .
The anti-angiogenic properties of CBD have not been thoroughly investigated to date. Given its very favourable pharmacological and toxicological profile, here, we investigated the anti-angiogenic properties of CBD on human umbilical vein endothelial cells (HUVECs). We found that CBD induced endothelial cell cytostasis without inducing apoptosis, inhibited endothelial cell migration, invasion and sprouting in vitro and inhibited angiogenesis in vivo. These effects were associated with a down-modulation of several molecules associated with angiogenesis, including MMP2 and MMP9, urokinase-type plasminogen activator (uPA), endothelin-1 (ET-1), platelet-derived growth factor-AA (PDGF-AA) and chemokine (c-x-c motif) ligand 16 (CXCL16).
Taken together, our results provide a wide spectrum characterization of the anti-angiogenic effects of CBD on HUVECs and its dual effect on both cancer and endothelial cells supports the hypothesis that CBD could represent a potential effective agent in cancer therapy.
Methods

Reagents
Standard chemicals and cell culture reagents were purchased from Sigma-Aldrich Srl (Milan, Italy).
Murine recombinant VEGFA and murine recombinant TNF-a were purchased from Peprotech (Offenbach, Germany); heparin was obtained from Sigma (Sigma-Aldrich Chemie, Taufkirchen, Germany).
CBD was a generous gift from GW Pharmaceuticals (Salisbury, UK). It was initially dissolved in ethanol to a concentration of 50 mM and stored at -20°C and further diluted in complete tissue culture medium; final ethanol concentration never exceeded 0.05%.
Cell cultures
HUVECs were either isolated from umbilical cords by digestion with collagenase as described by Jaffe et al. (1973) or purchased from Promo Cell (Heidelberg, Germany) or Lonza (Basel, Switzerland). These former cells were routinely grown in 199 medium (M199), supplemented with 20% heatinactivated fetal bovine serum (FBS), 25 mg·mL -1 endothelial cell growth factor and 50 mg·mL -1 heparin. The latter were grown in endothelial growth medium as indicated by the provider. All cells were maintained at 37°C in a humidified 5% CO2 atmosphere and used between the second and eighth passage in vitro.
For in vitro studies, cells were seeded in complete medium, and after 24 h incubation, the medium was replaced by medium with 2% FBS containing the compound to be tested at the indicated concentrations.
MTT test
To determine the effects of CBD on cell proliferation, the [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) colorimetric assay was carried out as previously reported (Massi et al., 2004) . Briefly, HUVECs were seeded in complete medium in a 96-well flat bottom multiwell at a density of 1 ¥ 10 4 cells per well. After 24 h, the medium was replaced by medium with 2% FBS and 2 ng·mL -1 VEGF and cells were treated with CBD at the indicated concentrations for 24 h. At the end of the incubation with the drug, MTT (0.5 mg·mL -1 final concentration) was added to each well and the incubation was continued for a further 4 h. The insoluble formazan crystals were solubilized by the addition of 100 mL of 100% dimethyl sulfoxide. Plates were read at 570 nm, using an automatic microtitre plate reader and % control was calculated as the absorbance of the treated cells per control cells ¥100.
Cytofluorimetric analysis
HUVECs (6 ¥ 10 5 ) were incubated with different concentrations of CBD for 24 h in 2% FBS complete medium. Cells were then recovered, washed twice with PBS and transferred to test tubes. Cells were pelleted and resuspended in Annexin V-binding buffer (0.01 M HEPES (pH 7.4) and 0.14 M NaCl; 2.5 mM CaCl2). Fluorescein isothiocyanate Annexin V and 7-amino-actinomycin D (BD Biosciences, San Jose , CA, USA) were added to each test tube and incubated for 15 min at room temperature in the dark. Cells were then washed in PBS, supernatants discarded and resuspended in 400 mL of binding buffer. Samples were acquired by flow fluorocytometry using a FACSCanto (BD Biosciences) and analysed using FACSDiva Software 6.1.2. The experiment was performed twice and each condition was in duplicate.
Cell migration assay -Boyden chamber and scratch wound-healing assay
HUVEC migration assays were performed in a 48-well modified Boyden chamber as previously described (Cattaneo et al., 2008) . Briefly, Nucleopore polyvinylpyrrolidone-free polycarbonate filters (8 mm) coated with 10 mg·mL -1 of type IV collagen were placed over a bottom chamber containing M199 supplemented with 10% FBS as attractant factor. The cells, suspended in M199 containing 1% fatty acid free BSA, were incubated for 1 h with the indicated concentrations of CBD, and then added to the upper chamber at a density of 5 ¥ 10 4 cells per well. CBD was continuously present during the experiments. After 6 h of incubation at 37°C, non-migrated cells on the upper surface of the filter were removed by scraping. The cells migrated to the lower side of the filter were stained with Diff-quick stain, and 5 unit fields per filter were counted at 160 ¥ magnification with a microscope (Zeiss, Oberkochen, Germany). The assays were run in triplicate.
To investigate HUVEC migration, the cells were seeded at a concentration of 4 ¥ 10 4 cells·500 mL -1 medium per well in 24-well culture plates. After 24 h, confluent monolayers were 'scratched' with a plastic pipette tip to create a uniform, cell-free 'wound' area and treated with CBD at the indicated concentrations. The gap created and the time required for cells to migrate into the area were recorded by phase contrast microscopy using a 10¥ objective, at 0, 16 and 24 h. At each time point, eight photographs of each wound area were taken and the migratory effect was quantified by counting the cells present in the gap using ImageJ software.
Human array kit/proteome profiler
To analyse the expression profiles of tumour-related proteins, we used the Proteome Profiler™ Human Antibody Array Kit (R&D Systems, Ltd, Abingdon, UK), according to the manufacturer's instructions. This kit uses an array of 55 antibodies directed at proteins involved in angiogenesis and invasiveness, spotted onto a nitrocellulose membrane. Briefly, HUVECs were seeded in complete medium in a 24-well flat bottom multiwell at a density of 9.6 ¥ 10 4 cells per well -1
. After 24 h, the medium was replaced by medium with 2% FBS and 2 ng·mL -1 VEGF and cells were treated with CBD at the indicated concentrations for 24 h. Supernatants of CBD-treated and untreated HUVECs (1 mL) were centrifuged and mixed with 15 mL of biotinylated detection antibodies for 1 h at room temperature. Then the membranes were incubated with the sample/antibody mixtures overnight at 4°C on a rocking platform. Following a washing step to remove unbound material, streptavidin-horseradish and chemiluminescent detection reagents were added sequentially. The intensity of chemiluminescence was captured on X-ray film and the data quantified by scanning on a transmission-mode scanner and analysing the array image file using ImageJ analysis software.
ELISA
The release of MMP2 from CBD-treated and -untreated HUVECs was evaluated by an ELISA according to the manufacturer's instructions (R&D Systems Ltd). Briefly, HUVECs were seeded in complete medium in a 24-well flat bottom multiwell at a density of 5 ¥ 10 4 cells per well. After 24 h, the medium was replaced by medium with 2% FBS and 2 ng·mL -1 VEGF and cells were treated with CBD at the indicated concentrations for 24 h. At the end of the incubation period, supernatants were collected, centrifuged and protein content was determined according to BCA assay (Pierce, IL, USA). Samples (50 mL) were added to individual wells in a microwell plate commercially coated with a polyclonal antibody against human MMP2. After 2 h at room temperature, the wells were washed and detection antibody against MMP2 conjugated to horseradish peroxidase was added. The wells were then washed and substrate solution, containing both hydrogen peroxide and tetramethylbenzidine as chromogen, was added for 30 min at room temperature. After the addition of the stop solution, colour intensity was measured at 450 nm in a microplate reader (EL800, Bio-Tek, Winooski, VT, USA). The absorbance values of the unknown samples were within the linearity range of the ELISA test, assessed by calibration curves obtained with known amounts of MMP2.
Western blotting
HUVECs were plated in complete medium and after adhesion were treated with increasing concentrations of CBD in the presence of 2% FBS. After 24 h, cells were collected by brief trypsinization and total lysates were prepared using Cell Lysis Buffer (Cell Signaling Technology, Beverly, MA, USA). Protein concentrations were evaluated by the DC Protein Assay (BioRad, Hercules, CA, USA). Equal amounts of proteins for each sample were resolved on 10% SDS-PAGE and blotted onto nitrocellulose membranes (Amersham, Biosciences, Otelfingen, CH). Following blocking with 5% non-fat milk powder (w v -1 ) in Tris-buffered saline (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% Tween-20) for 1 h at room temperature, membranes were incubated with primary antibodies directed against the human antigens MMP2 and uPA (5B4 clone), both kindly provided by Prof Mario Del Rosso (Department of Experimental Pathology and Oncology, University of Florence) and an anti-a-tubulin antibody used for normalizing protein loading. The antibodies were diluted in 5% BSA, Tris-buffered saline, 0.1% Tween-20 and 5% milk powder, Tris-buffered saline, 0.1% Tween-20, respectively. The bound antibodies were visualized by horseradish-peroxidaseconjugated secondary antibodies and an enhanced chemiluminescence detection system from Amersham Biosciences (Pittsburgh, PA, USA).
Zymographic analysis
Zymography was performed by electrophoresis of 10 mg of proteins extracted from HUVECs treated with different concentrations of CBD as for Western blotting, but without heating the samples, in 10% polyacrylamide containing 0.1% gelatin in the presence of SDS. After electrophoresis, the gels were incubated for 30 min at room temperature with gentle agitation in Renaturing Buffer (Invitrogen, Eugene, OR, USA) and overnight at 37°C in the Developing Buffer (Invitrogen). The gels then were stained for 30 min with Coomassie® G-250 stain (Invitrogen), which visualizes areas where the gelatin has been removed by enzymatic activity. The resulting bands were acquired with an Epson Perfection V750 pro scanner (Syngene, Cambridge, UK).
Matrigel morphogenesis assay
The effects of CBD on the ability of HUVECs to reorganize and differentiate into capillary-like networks were also assessed in the in vitro Matrigel morphogenesis assay. A 24-multiwell plate, pre-chilled at -20°C, was carefully filled with 300 mL per well of liquid Matrigel (10 mg·mL -1 ) at 4°C with a pre-chilled pipette, avoiding bubbles. The Matrigel was then polymerized for 1 h at 37°C. HUVECs (5 ¥ 10 4 cells per well) were suspended in 1 mL of complete medium supplemented with 2% FBS in the absence or presence of different concentrations of CBD at the indicated concentrations, and carefully layered on the top of the polymerized Matrigel. Effects on the growth and morphogenesis of HUVECs were recorded after 6 h incubation with an inverted microscope (Leica DM-IRB, Leitz Microsystems, Wetzlar, Germany) equipped with charge-coupled device optics and a digital analysis system.
In vitro angiogenesis assay from spheroids
HUVEC spheroids were generated as described by Korff and Augustin (1998) . In brief, a specific number of HUVECs (1 ¥ 10 3 cells per well) were suspended in M199-containing 10% FBS and 0.25% (w v -1 ) carboxymethylcellulose, and seeded in non-adherent round bottom 96-well plates. Under these conditions, single suspended cells contribute to the formation of an endothelial cell-derived spheroid.
In order to quantify in vitro angiogenesis, HUVEC spheroids were embedded into collagen gels. Briefly, 50-100 HUVEC spheroids were suspended in 0.3 mL of 20% FBS containing 0.9% (w v -1 ) carboxymethylcellulose, and mixed with 0.3 mL of a collagen stock solution prepared by mixing at 4°C acidic rat tail collagen (5 mg·mL -1 ; 8 vol) with 10¥ M199 and 0.1 M NaOH to adjust the pH to 7.4. The various test substances were added to the suspended spheroids before embedding them into collagen. The spheroid-containing gel was rapidly transferred into pre-warmed 24-well plates, and incubated for 48 h at 37°C in 5% CO2. In-gel angiogenesis was quantified by measuring the cumulative length of all of the capillary-like sprouts originating from the individual spheroids using the National Institute of Health Image J programme. At least 20 spheroids per experimental group were measured in each experiment.
Animals
Male mice (6-7 weeks old,~20 g body weight) were maintained on a standard chow pellet diet and had free access to water, with a 12 h light/dark cycles. Wild-type (WT) animals (strain C57/BL6; Charles River, Italy) were used 7 days after arrival. Groups of eight mice were used for each treatment for a total number of 40 animals. The animals were monitored daily for health status. All procedures were performed in adherence with the guidelines released by the Italian Ministry of Health (D.L.116/92) and the European Community directives regulating animal research (86/609/EEC). The results of all studies involving animals are reported in accordance with the ARRIVE guidelines McGrath et al., 2010) .
In vivo angiogenesis: Matrigel sponge assay
The ability of CBD to inhibit the formation of new blood vessels in vivo was tested using the Matrigel sponge model as described previously (Albini et al., 1994) . Liquid Matrigel solutions containing an angiogenic cocktail (100 ng·mL -1 VEGFA, 1.2 ng·mL -1 TNF-a, and 25 U·mL -1 heparin) in combination with different concentrations of CBD or vehicle alone were brought to a final volume of 0.6 mL and slowly injected s.c. into the flanks of C57/BL6 male mice (Charles River) where they formed a polymerized support. Heparin was added to avoid cytokine/growth factor trapping by proteoglycans in the Matrigel. The CBD concentrations were calculated by referring to the dose that we previously injected peritumourally in xenografts of nude mice (Massi et al., 2004) . Groups of eight mice were used for each treatment. Four days after injection, the gels were recovered and weighed. For haemoglobin measurements, the recovered gels were minced and dispersed in PBS. The haemoglobin released was measured using Drabkin reagent kit (Sigma) and the concentration calculated from a calibration curve after spectrophotometric analysis at 540 nm.
Nomenclature
The drug/molecular target nomenclature conforms to the BJP's Guide to Receptors and Channels (Alexander et al., 2011) 
Results
CBD inhibits HUVEC proliferation
We first investigated whether CBD could effect the proliferation of HUVECs. The addition of CBD to the cells for 24 h resulted in a concentration-dependent inhibition of the mitochondrial oxidative metabolism, as determined by the MTT test (Figure 1) . The range of concentrations tested was from 1 mM to 19 mM. Statistically significant differences from the control were observed at concentrations of 9 mM or greater. The reduction in MTT at 9 mM was 36 Ϯ 2%, with an IC50 of MTT inhibition of 9.90 Ϯ 1.02 mM. These findings indicate that CBD inhibited HUVEC proliferation, as the metabolic activity measured by MTT reflects cell number.
CBD does not induce toxicity or apoptosis in HUVECs
To verify whether CBD was cytotoxic or induced apoptosis of endothelial cells, we performed cytofluorimetric viability analyses. HUVECs were exposed to different mM concentrations of CBD for 24 h, and, after incubation, cells were analysed for both Annexin V and 7-amino-actinomycin D. A high percentage of viable cells (about 90%) was observed in all the samples, with no significant difference between the treated and untreated cells (Figure 2 ). These data show that CBD had no toxic effect on HUVECs, suggesting that the inhibitory effects exerted by CBD on HUVECs were not due to apoptosis or toxicity but rather cytostasis.
CBD potently inhibits HUVEC migration
To investigate if CBD is able to modulate HUVEC migration, we employed a 48-well modified Boyden chamber assay. As shown in Figure 3A , CBD treatment caused a decrease in cell migration from 30% to 75% in the range 1-10 mM, and statistical significance was reached at 1 mM, a concentrations much lower than those inducing cytostasis (MTT test, IC 50 9.90 Ϯ 1.02 mM ; Figure 1 ).
To confirm this anti-migratory effect, we performed a cell culture wound-healing assay. Images of the cell-free wound area were taken after 16 h and 24 h. Figure 3B shows the qualitative effect of increasing CBD concentration on HUVECs at 16 h in the wound healing assay. In the control group, cells have migrated in the gap, whereas in CBD-treated cells there is a clear reduction in migration. Quantification of data showed a dose-dependent effect of CBD at inhibiting cell migration ( Figure 3C ) evident after 16 h of treatment and persisting for up to 24 h. Calculation of the IC50 indicated a value of 9.31 Ϯ 1.02 mM, similar to that of the IC50 for cytostasis.
CBD modifies the expression pattern of angiogenesis-related proteins in HUVECs
Since angiogenesis depends on the activity of different proteins involved in complex pathways, we decided to analyse whether CBD interfered with the expression profile of a set of proteins involved in the angiogenic process, using a rapid and sensitive antibody array-based assay. The array images shown in Figure 4A allow a qualitative assessment of the effect of CBD on the expression pattern of multiple proteins released by HUVECs and captured by the specific pre-spotted antibodies on nitrocellulose membranes (see Methods). Eight proteins on the panel were down-regulated in response to CBD: MMP9, tissue inhibitor of metalloproteinases 1 (TIMP1), SerpinE1-plasminogen activator inhibitor type-1 (PAI-1), uPA, CXCL16, ET-1, PDGF-AA and IL-8. The extent of down-regulation ranged from 20% up to 50% as compared to the control, depending on the protein, in the presence of the highest concentration of CBD used, 12 mM ( Figure 4B ). The effect of CBD on the protease uPA was confirmed by Western blotting (Figure 4C) , where a clear concentration-dependent reduction of expression was observed.
Given the crucial role played by MMP2 in enhancing angiogenesis, and since the levels of this protein cannot be detected by the antibody array method, we performed an ELISA assay to determine whether CBD inhibits HUVEC invasion by modulating MMP2 release into the supernatants of HUVECs. As shown in Figure 5A , after a slight increase at the lowest dose tested, CBD induces a concentration-dependent decrease in MMP2 release. Western blot analyses were also performed to evaluate the effect of CBD on the expression of MMP2 and uPA proteins extracted from HUVECs. Treatment with CBD resulted in a dose-dependent inhibition of MMP2 ( Figure 5B ). Zymography analysis revealed a concentrationdependent reduction in the corresponding gelatinolytic activity produced by CBD-treated HUVECs ( Figure 5C ).
CBD inhibits endothelial morphogenesis in vitro and the outgrowth of capillary-like structures from HUVEC spheroids
HUVECs when plated on a three-dimensional (3-D) Matrigel layer are able in 6 h to organize into capillary-like networks, mimicking in vitro the events that occur in vivo during the angiogenic process (Grant et al., 1989) . Thus, we employed this model to characterize the in vitro anti-angiogenic effect of CBD. The addition of the drug partially interfered with morphogenesis of HUVECs ( Figure 6A ).
To confirm the results obtained, we set up a collagen gel-based 3-D angiogenesis assay where the outgrowth of capillary-like structures from HUVECs can be quantitatively measured (Korff and Augustin, 1999; Cattaneo et al., 2009) . Standardized spheroids were seeded in collagen gels and treated for 48 h with VEGF (30 ng·mL -1 ) in the absence or presence of CBD (1 mM). We found that CBD significantly inhibited the VEGF-induced outgrowth of capillary-like structures from HUVEC spheroids ( Figure 6B, C) , confirming its ability to act, at least in vitro, as an anti-angiogenic factor and suggesting an effect largely on sprouting of new capillaries.
CBD inhibits in vivo angiogenesis
The sponge model was used as a rapid and quantitative system for measuring the in vivo anti-angiogenic activity of CBD dissolved in Matrigel. A s.c. injection of Matrigel produces a 3-D pellet which, when angiogenic factors are present, becomes rapidly vascularized. A cocktail of VEGF, TNF-a and heparin, mixed with the Matrigel, induced a strong angiogenic reaction ( Figure 7A ). When increasing concentrations of CBD were added to this mixture, significant inhibition of the in vivo angiogenic response was observed, as detected by measuring the haemoglobin content of the recovered gels ( Figure 7B ). At the lowest dose employed, the effect of CBD, although still significant, was lower, suggesting a dose-dependent effect.
Discussion and conclusions
Angiogenesis is a highly regulated multistep process that involves endothelial cell chemotactic migration, invasion, proliferation, differentiation into tubular capillaries, and the production of a basement membrane around the vessels (Folkman, 1995; Kesisis et al., 2007) . In this study, CBD exhibited potent anti-angiogenic properties, inhibiting HUVEC growth, migration and invasion in vitro as well as angiogenesis in the Matrigel sponge assay in vivo. Molecular studies in vitro demonstrated that CBD exerts its effects through the down-regulation of several angiogenic mechanisms. Taken together, these data suggest that CBD has great potential as a new anti-angiogenic drug.
Our results demonstrated that CBD was effective in inhibiting endothelial cell proliferation without inducing
Figure 3
Cannabidiol inhibits HUVEC migration in a concentration-dependent manner. (A) HUVECs were pretreated for 1 h with CBD, and chemotaxis experiments were then performed as described, using 10% FBS as a chemoattractant. The results are expressed as a percentage of the maximal migration induced by FBS in the absence of CBD. Mean values Ϯ SEM of two independent experiments performed in triplicate are shown. **P < 0.01, ***P < 0.001 compared to untreated cells, Dunnett's t-test. (B) HUVECs were seeded in 24-well culture plates and grown for 24 h. Then, confluent monolayers were scratched with a plastic pipette tip and treated with CBD at the indicated concentrations. Images of the cell-free wound area were taken by phase contrast microscopy using a 10¥ objective, at 0 h, 16 h and 24 h. Representative images of the qualitative effect of increasing CBD concentration on HUVECs 16 h after scratch. (C) Quantification of the cells migrated into the gap, 16 h (left) and 24 h (right) after treatment. **P < 0.01 versus Control (C), Dunnett's t-test. endothelial cell apoptosis or necrosis, suggesting a cytostatic action. Several chemotherapeutic drugs have anti-angiogenic properties only at near or fully cytotoxic concentrations; therefore, their clinical relevance is controversial. Interestingly, CBD did not induce HUVEC apoptosis or necrosis even at the highest dose tested (12 mM). Several anti-angiogenic molecules inhibit endothelial cell proliferation, without exerting any cytotoxic action and can even inhibit apoptosis in endothelial cells (Fassina et al., 2004; Lorusso et al., 2009; Noonan et al., 2011b) . This seems to be in contrast to their effects on tumour cells, where often these compounds are cytotoxic, at least at high doses. However, this may depend on several characteristics of tumour cells, including chronic stress related to high-level production of oxygen and other radicals, metabolic alterations and oncogene dependence (Ferrari et al., 2010) . Further cellular stress in tumour cells pushes the cell over the threshold and into apoptosis, whereas in normal cells, this may act as a form of 'preconditioning' stimulus that renders the cells more resistant to subsequent insults (Ferrari et al., 2010 ).
CBD's lack of cytotoxicity towards endothelial cells is quite different from that reported in previous studies with other cannabinoids . In these studies, endothelial cell cytotoxicity was considered a potential mechanism of action. Our data suggest that, unlike other cannabinoids, the effects of CBD are not due to endothelial cell toxicity but rather to modulation of intracellular pathways leading to a decrease in several pro-angiogenic factors.
CBD showed potent inhibition of endothelial cell migration, both in the scratch wound-healing assay and, with an even stronger effect, in the Boyden chamber assay. The different efficacy of CBD in these tests could be ascribed to the different sensitivity of the assays, since the wound-healing assay is generally less sensitive than the Boyden chamber. Moreover, the use of primary fresh HUVECs in the Boyden chamber in comparison with the commercially available cells employed in the wound-healing assay could account for the different potency observed. However, in our hands, CBD elicited significant effects on migration at concentrations lower than those causing 50% inhibition of proliferation (9 mM and
Figure 4
Cannabidiol affects the protein expression profile of HUVECs. (A) HUVECs were treated with CBD for 24 h and supernatants were used to determine different protein levels through a human antibody array kit/proteome profiler. Representative proteomic membrane analysis with the indication of proteins modified. (B) Densitometric analysis of the membrane spots reported as percentage of the untreated control. Data represent the mean Ϯ SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus Control, Dunnett's t-test. (C) Western blot analysis of 5B4 antibody against uPA. A representative Western blot is shown. NT, not treated.
1 mM, respectively, in wound healing and Boyden chamber assays versus IC50 value of 10 mM in the MTT assay run in parallel to the migration tests). We previously demonstrated the same order of potency of CBD on U87-MG glioma cell proliferation versus invasion (Vaccani et al., 2005) . In agreement with these results, Marcu et al. (2010) showed that CBD was more potent at inhibiting U251 invasiveness compared to their proliferation. Thus, similar to glioma, CBD is highly potent at inhibiting endothelial cell migration compared to proliferation, suggesting that factors influencing cell migration and invasion may represent its primary targets.
In line with this, our molecular investigation showed that CBD affected the expression of several prominent factors involved in primary vascular endothelial cell functions; in particular compounds that induce invasion and migration, which included MMP2 and MMP9, TIMP1, SerpinE1/PAI1, uPA, CXCL16, IL-8, ET-1 and PDGF-AA.
CBD inhibited MMP2 and MMP9, two fundamental proteases that, through the remodelling of the extracellular matrix and basement membrane, are involved in distinct vascular events, and whose levels are increased in numerous malignancies, including glioma (Cantelmo et al., 2010; Pisanti et al., 2011; Noonan et al., 2011b) .
CBD down-regulated the expression of TIMP1, a stromal factor with multiple functions. TIMPs are commonly described as negative regulators of MMPs. Nasser et al. (2006) showed that TIMP1 is an inhibitor of high-grade glioma invasion. In line with this, Ramer et al. (2010a) recently reported a CBD-driven increase in TIMP1 in lung cancer cells that correlated with diminished invasiveness. Nevertheless, there is increasing evidence to suggest that TIMPs are multifunctional proteins, possessing a dual role in regulating cell proliferation and angiogenesis. In vitro, TIMP1 promotes growth of human keratinocytes and several other cell types (Bertaux et al., 1991; Hayakawa et al., 1992) , inhibits apoptosis (Alexander et al., 1996; Guedez et al., 1998; Li et al., 1999) and regulates angiogenesis (Yoshiji et al., 1998; Lafleur et al., 2002) . Moreover, increased expression of TIMP1 protein has been observed in multiple tumour types, including breast, colon, gastric and lung cancers, as well as in lymphoma and carcinomas of unknown primary origin (Zeng et al., 1995; Mimori et al., 1997; Ree et al., 1997; Guedez et al., 2001; Schrohl et al., 2004; Gouyer et al., 2005; Karavasilis et al., 2005) .
Based on these considerations, it is noteworthy that inhibition of proteins such as MMP2 and MMP9 and TIMP1 further confirms the wide spectrum of CBD action on MMP and TIMP molecules, key factors in cell motility, invasion and proliferation, and suggests a complex picture through which CBD can impair cell growth and invasion.
In addition to the MMP/TIMP system, CBD also downregulated the uPA and the plasminogen activator inhibitor SerpinE1/PAI-1, two important factors in extracellular matrix remodelling and consequent angiogenesis. The uPA plays a pivotal role in the degradation of extracellular matrix, and suppression of uPA and uPAR by shRNA attenuates angiogenin-mediated angiogenesis in endothelial and glioblastoma cell lines (Raghu et al., 2010) . Thus, CBD shares similarities with other therapeutic approaches that, by inhibiting the uPA/uPAR functions, have been shown to possess antiangiogenic and anti-tumour effects (for review, see Ulisse et al., 2009 ). Since SerpinE1/PAI-1 inhibits uPA, low levels of this protein would be expected to favour cell growth. However, recent data have revealed a two-faced role in the modulation of apoptosis in tumour cells in comparison with non-tumour cells. At present, the reason for these discrepant effects is still unclear and some recent reports point to other multifunctional roles of this protein in angiogenesis, invasiveness and cell adhesion (Ulisse et al., 2009) .
CBD also significantly inhibited two potent angiogenic factors: the chemokines CXCL16 and IL-8 (Rabquer et al., 2011) . Stimulation of HUVECs with CXCL16 leads to increases in cell proliferation, chemotactic motility and network formation (Zhuge et al., 2005) , whereas IL-8 can induce angiogenesis through both direct and indirect mechanisms (Benelli et al., 2002; Lai et al., 2011) . The decreased level of both chemokines following CBD treatment would be consistent with its in vitro and in vivo antiangiogenic effects.
Two growth factors were also down-regulated by CBD: ET-1 and PDGF-AA. ETs modulate various stages of neovascularization. Increased levels of ET-1 and its cognate receptor are significantly associated with microvessel density and VEGF expression in tumour cells, whereas its down-regulation correlates well with diminished endothelial cell growth and migration (Bagnato et al., 2008) .
PDGF-AA is a member of the well-known PDGF family that exerts its angiogenic effect in endothelial cells by binding to a specific protein tyrosine kinase receptor, which in its turn engages several signalling molecules involved in multiple cellular and developmental responses.
Taken together, these observations suggest a broad effect of CBD on vascular endothelial cell biology. This wide
Figure 6
Cannabidiol inhibits in vitro endothelial morphogenesis and angiogenesis. (A) HUVECs were incubated on a Matrigel substrate in the presence of M199 alone (Control -) or of M199 supplemented with 2% FBS (Control +), in the absence or presence of different concentrations of CBD for 6 h at 37°C. CBD interfered with HUVEC organization in capillary-like networks. (B) HUVEC spheroids, generated as described in the 'Methods' section, were embedded in collagen gel supplemented with VEGF (30 ng·mL spectrum modulation of angiogenesis-related factors leads to a decreased ability of endothelial cells to properly form new vessels in vitro and, to an even more prominent extent, impaired angiogenesis in in vivo plugs.
However, the molecular mechanism through which CBD exerts these effects still remains unknown. Vascular endothelial cells express various functional receptors for cannabinoids, including the CB1 receptor (Liu et al., 2000) , the CB2 receptor , the tentative abnormal CBD receptor (Járai et al., 1999) , the TRP receptors (Golech et al., 2004; Curry and Glass, 2006; Kwan et al., 2007) and the PPARg (O'Sullivan et al., 2009; Yokoyama et al., 2011) : each of these could, at least in part, be involved in CBD antiangiogenic effects. These receptors control important cell functions such as migration Mo et al., 2004) , survival , vascular tone (Wagner et al., 1997; Bátkai et al., 2001 ) and tumour-derived endothelial cell migration (Fiorio Pla et al., 2012) . Recently, blockade of the CB1 receptor has been closely linked to inhibition of angiogenesis (Pisanti et al., 2011) . Our present data do not allow us to indicate a receptor-dependent versus -independent mechanism of CBD in HUVECs. Since both cannabinoid-dependent (McKallip et al., 2002; Ligresti et al., 2006; Ramer et al., 2010a,b; Aviello et al., 2012) and -independent (Massi et al., 2004; Vaccani et al., 2005; Shrivastava et al., 2011) mechanisms were previously shown for CBD anti-tumour effects, it is also possible that its anti-angiogenic activity may be due to a receptor-independent mechanism, involving different primary cellular targets. In line with this, recent studies (McAllister et al., 2007; 2011) have demonstrated that the anti-invasive and anti-proliferative effects of CBD in breast cancer are closely associated with inhibition of Id-1, an inhibitor of basic helix-loop-helix transcription factors that is over-expressed in tumour cells. Id proteins play a vital role in regulating angiogenesis during embryonic development and tumourigenesis and ectopic Id-1 expression in HUVECs leads to increased migration of the cells, while suppression of its endogenous expression results in reduced migration (Qiu et al., 2011) . Thus, Id-1 could represent a key signalling pathway for CBD in HUVECs.
In conclusion, our results indicate that CBD exerts a potent anti-angiogenic effect by widely affecting several pathways involved in this process. Its dual effect on both tumour and endothelial cells further suggests that CBD could represent a potential effective agent in cancer therapy.
Figure 7
Cannabidiol inhibits in vivo angiogenesis. Matrigel sponges containing angiogenic factors (VEGF, TNF-a and heparin) become rapidly vascularized when implanted s.c. as assayed by measurement of haemoglobin content on the fourth day after implantation. Representative images of the excised pellets are shown. CBD dissolved in the Matrigel significantly inhibited angiogenesis (from 0.0625 mg per pellet and above), detectable by visual inspection (A) and quantified by measuring haemoglobin (Hb) content of the pellets (B). **P < 0.01 versus Control (C), Dunnett's t-test.
